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Abstract

Elevated environmental levels of elements originating from anthropogenic activities threaten
natural communities and public health, as these elements can persist and bioaccumulate in the
environment. However, their environmental risks and bioaccumulation patterns are often
habitat-, species- and element-specific. We studied the bioaccumulation patterns of 11 elements
in seven freshwater taxa in post-mining habitats in the Czech Republic, ranging from less
polluted mining ponds to highly polluted fly ash lagoons. We found nonlinear, power-law
relationships between the environmental and tissue concentrations of the elements, which may
explain differences in bioaccumulation factors (BAF) repcrted in the literature. Tissue
concentrations were driven by the environmental concentratiors in ~on-essential elements (Al,
As, Co, Cr, Ni, Pb and V), but this dependence was limited in ><sential elements (Cu, Mn, Se
and Zn). Tissue concentrations of most elements were ¢ Isc m.ore closely related to substrate
than to water concentrations. Bioaccumulation was hi.oit specific in eight elements: stronger
in mining ponds for Al and Pb, and stronger in fly ash 1.00ns for As, Cu, Mn, Pb, Se, V and
Zn, although the differences were often minoi 3inaccumulation of some elements further
increased in mineral-rich localities. Proxi: ity to substrate, rather than trophic level, drove
increased bioaccumulation levels across 1.7 4. This highlights the importance of substrate as a
pollutant reservoir in standing freshwate s and suggests that benthic taxa, such as molluscs (e.g.,
Physella) and other macroinvertebra.es (=.g., Nepa), constitute good bioindicators. Despite the
higher environmental risks in fl, ash lagoons than in mining ponds, the observed ability of
freshwater biota to sustain po''uu~n supports the conservation potential of post-industrial sites.
The power law approach u-=J here to quantify and disentangle the effects of various
bioaccumulation driv_+s~av be helpful in additional contexts, increasing our ability to predict

the effects of other contarinants and environmental hazards on biota.
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coal combustion residues



1. Introduction

The extraction and processing of mineral resources associated with rapid
industrialization, urbanization, agriculture, and other human activities lead to increased
concentrations of heavy metals and other elements naturally occurring in the environment
(Ahmed et al., 2019). The accelerated mobilization of these elements and their elevated levels
constitute a well acknowledged form of pollution that causes significant environmental
degradation (Cherry and Guthrie, 1977; Ali et al., 2019) and has become a major concern
worldwide (Islam et al., 2018). These elements persist and a~~u:.~ulate in the environment,
posing a serious threat to natural communities and public necltn (Ali et al., 2019; Xia et al.,
2019). This includes bioaccumulation by individual ornan.=ms, which can inhibit their growth,
suppress oxygen consumption, and impair reproducticn o.d tissue repair (Brazova et al., 2012).
However, the severity of these effects and envire 'ental risks are often habitat-, species- and
element-specific (Johnson et al., 2017; L oma and Rainbow, 2005). Large-scale multi-trophic
and multi-taxa studies documenting pu.'ution by heavy metals, and other elements, and their
bioaccumulation patterns in post-inlvstrial freshwater communities are surprisingly rare
(Rahman et al., 2012; Chen et : 1., 2300; Liu et al., 2022). Although bioaccumulation patterns
have been assessed in indisu -olluted streams or estuaries (Ahmed et al., 2019; Gavhane et
al. 2021), very few stuu. s 1iave examined post-industrial standing freshwater habitats (Pouil et
al., 2020; Rowe, 2014). This makes identifying any general trends in bioaccumulation difficult
owing to the context dependence detailed below. Moreover, the focus on economically valuable
taxa (e.g., fishes; (Ahmed et al., 2019; Gheorghe et al., 2017; Liu et al., 2022) has led to a
knowledge gap on invertebrates that may also serve as bioindicators.

Concentrations of elements in individuals are driven by environmental concentrations
and bioaccumulation rates (Cain et al., 2004; de Boer et al., 2018). In aquatic environments,

bioaccumulation is often quantified by the substrate- and water-based bioaccumulation factor



(BAF), i.e., the ratio between the tissue and environmental concentrations (McGeer et al., 2003;
O’Callaghan et al., 2022). Bioaccumulation can differ between habitat types (Fletcher et al.,
2020), depending on substrate rugosity (Yu et al., 2012) and chemistry (O’Callaghan et al.,
2022), as well as between localities, as demonstrated by DeForest et al. (2007) and Mcgeer et
al. (2003), who found widespread inverse relationships between exposure concentrations and
BAF values.

Bioaccumulation can further depend on the microhabitat used by the organism (Culioli
et al., 2009; Fletcher et al., 2020). Benthic taxa are often more ~'1su~ptible (Gundacker, 2000),
since sediments can accumulate elements such as As, cu, Mn, Ni, Se and Zn in high
concentrations (Bere et al., 2016; Cherry and Guthrie 1%77), acting as reservoirs that release
them back into the water column (di Veroli et al., 20”4, ~rémion et al., 2016). Concentrations
in animal tissues may thus differ substantially e’ aeen taxa (e.g., benthic versus pelagic), and
the differences often relate more to subst: ate .han to water concentrations (e.g., O’Callaghan et
al., 2022), implying that substrate-ucsed BAFs should be more reliable predictors of
susceptibility to pollution. Bioacc''mu'=.ion can also differ between species that use different
mechanisms to maintain low i. tracellular concentrations of elements, such as limited uptake
and depuration (Fletcher et a;  2022; Tollett et al., 2009). More resilient arthropods can shed
excess concentrations a. iy larval moults and maintain low BAF values (e.g., odonates: Stoks
et al., 2015; but see Buckland-Nicks et al., 2014), while soft-bodied taxa can be highly sensitive
to some elements, e.g., Cloeon and Asellus to Cd, Cu, and Ni (Milani et al., 2003).

Bioaccumulation also differs between elements, especially between essential and non-
essential ones (Andres et al., 2000). BAF values of essential elements (e.g., Cu, Fe, Ni, and Zn)
should increase disproportionately at low environmental concentrations as individuals
bioaccumulate them to maintain homeostasis, leading to higher BAF values than those of non-

essential elements. This is expected to yield non-linear, element-specific relationships between



environmental and tissue concentrations. Power laws have been used to describe such
relationships across many biological phenomena (West and Brown, 2005), and can provide a
general tool to describe the relationship between tissue and environmental concentrations, as
well as to identify the main drivers of its variation. Interestingly, such analyses of
bioaccumulation patterns in aquatic ecosystems are virtually absent, but see a recent exception
(Atiaga et al., 2021).

To fill these knowledge gaps, we applied the power law approach to study the
bioaccumulation of 11 elements in 20 localities in the Czech Papchlic and identify potential
bioindicator species. We quantified the habitat and taxon ae,endence of bioaccumulation in
seven animal taxa, including fish and macroinvertebrates. v ‘er large pollution gradients in post-
industrial standing waters — mining ponds and ty ash lagoons. Due to the heavy
industrialisation in the second half of the 20" ne,. 1iry, these habitats have become common in
many anthropogenic landscapes and can nar*,our threatened biodiversity (e.g., Rehounkova et
al., 2016; Tropek et al., 2013; Kolar eu 2l., this issue), despite the challenging environmental
conditions, especially in the more nnll 't.d fly ash lagoons (Cherry and Guthrie, 1977; Rowe et
al., 2002; Chmelova et al., 2021). They also provide a unique opportunity to investigate
bioaccumulation in aquatic comunities along steep environmental gradients (Fletcher et al.,
2017; Rowe, 2014).

We expected higher environmental concentrations of elements in fly ash lagoons than
in mining ponds (lzquierdo and Querol, 2012; Schwartz et al., 2016). Based on the evidence
summarized above, we predicted: (1) higher element concentrations in animal tissues in fly ash
lagoons than in mining ponds; (2) higher BAF values (i.e., the ratios between tissue and
environmental concentrations) in fly ash lagoons than in mining ponds after correcting for the
environmental concentration (Fletcher et al., 2020; Yu et al., 2012); (3) better correspondence

of tissue concentrations to substrate than to water concentrations (O’Callaghan et al., 2022); (4)



constant or decreasing BAF values at higher environmental concentrations (DeForest et al.,
2007), with the latter pattern especially pronounced in essential elements (Andres et al., 2000);
and (5) taxon-specific BAF values (e.g., Erasmus et al., 2020) that remain constant or increase
with trophic level (Pastorino et al., 2020, 2019); but see Culioli et al., 2009; Hans et al., 2011)
and are higher in benthic than in pelagic taxa (Fletcher et al., 2020; Gundacker, 2000; Pastorino
et al., 2020; Pouil et al., 2020), making benthic or predatory taxa better potential biondicators

of pollution.

2. Materials and methods

2.1 Study sites

We studied the bioaccumulation of elements in two t\pe. of post-industrial freshwater habitats
created artificially in recent decades — 10 fl/ .<h lagoons and 10 mining ponds scattered
throughout north-western and eastern Eohfmia, the Czech Republic (Fig. 1). The fly ash
lagoons are remnants of an originally .ast system of sedimentation lagoons, created for the
deposition of mineral residues from lig e combustion for energy production in thermal power
plants (Kuzmick et al., 2007). I*oth nabitat types share finely grained substrate (fly ash, sand,
or clay), low amount of oraair nutrients, and minimal agricultural pollution (eutrophication
and pesticides; Chmelo.4 e al., 2021). However, the environmental levels of elements in the
mineral residues of coal combustion is supposedly much higher than in mining residues (Cherry
and Guthrie, 1977; Rowe et al., 2002). The process of sand and clay extraction has little impact
on the bioavailability of elements that typically reflects that of the parent bedrock, while the
chemical processes during lignite combustion can greatly increase the bioavailability of
elements (e.g., As and Se) due to their high mobilization potential at neutral to alkaline pH

values, common in fly ash lagoons (Izquierdo and Querol, 2012; Schwartz et al., 2016).
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Figure 1. Distribution of the 20 post-ina.<trial sites from north-western and eastern Bohemia,
Czech Republic, included in the study. JMive grey circles = fly ash lagoons (N = 10), yellow-

filled squares = post-mining pond~ ‘N - 10). See Table S1 for details.

Even though eleme~t (>v.centrations rarely reached potentially harmful levels in a recent
survey of fly ash lagoon. ‘Chmelova et al., 2021), over 50% of those localities exceeded Czech
Republic’s national limits for As, Cu, V, or Zn. The sampled fly ash lagoons (surface area:
range, 0.1-6.6 ha, mean £ SD, 2.6 + 1.8 ha; Table S1) were chosen based on an extensive survey
covering all the localities with remnants of non-reclaimed fly ash deposits in Bohemia, north-
western and eastern Czech Republic (Chmelova et al., 2021). The sampled mining ponds
(surface area: 0.9-21.7 ha, 8.1 £ 5.5 ha) were chosen from nearby abandoned sand or caoline

mines, with one locality originating in a spoil heap after lignite mining and two originating from



mine subsidences, to be as similar as possible to the fly ash lagoons in terms of size,

successional stage, and habitat characteristics (Table S1).

2.2 Substrate and water sampling

We visited each locality in the summer and autumn of 2018 and in the spring of 2019. During
each visit, we collected a 0.125L core of undisturbed sediment (5cm surface layer) at three sites
within each locality (except MS9, that partially dried out), to cover possible spatial variation in
element concentrations. The cores were collected ca. 1m from the shore in open water without
macrophytes or organic detritus. We also took three 1L wrue: samples, mixed them in a clean
bucket, and collected a 0.125L mixed sample per loc2li* The substrate and water samples
were stored at -18°C before analysis. At the three site. within each locality (Table S1), we
recorded water conductivity (uS.cm™) and wat>r ;4 Jsing a portable YSI multimeter (type 556
MPS, YSI Environmental, USA) and sed.mer.t pH using a portable Eutech multimeter (type pH
5+, Eutech Instruments Pte Ltd., USA; attached to an ORION eloctrod (type 9103 BNWP,

ORION, USA).

2.3 Focal taxa sampling

We analysed bioaccumu'auun in seven taxa of aquatic macroinvertebrates and fish that differed
in trophic level and microhabitat use and were sufficiently common to enable the analyses
(Table S2): the snail Physella acuta (grazer and detritivore, benthic or found on submerged
macrophytes; Horsak et al. 2013), larvae of the dragonfly Orthetrum cancellatum (predator,
benthic) and Anax imperator (predator, phytophilous and usually hiding among vegetation in
the water column; Corbet, 1999), adults of the heteropteran Nepa cinerea (predator, benthic or
hiding among detritus in shallow water), adult diving beetles Rhantus spp. (predator, actively

hunting near the bottom and in the water column; Burghelea et al., 2011; Hodecek et al., 2016),



and two fish species: roach Rutilus rutilus (planktivorous, pelagic), and perch Perca fluviatilis
(small individuals are planktivorous, but become piscivorous later, pelagic; Kottelat & Freyhof,
2007). This selection carried an unavoidable bias as Physella is the only non-predatory taxon
that simultaneously has the closest association with the substrate. Nevertheless, other herbivore
species were not abundant enough across the study sites to be included in the analyses.

All macroinvertebrates were collected by sweeping with a kitchen strainer (19 cm in
diameter; Imm mesh) and by baited traps (Kolaf et al., 2017; Kolar and Boukal, 2020), while
fish were caught by electrofishing with a battery Grassl elect*o.cher (Hans Grassl GmbH)
along the littoral zone at each locality. We refer to the taxa by . eir genus name and treat Perca,

Rutilus, Rhantus, and Anax as ‘pelagic’, and Orthetrum I2na, and Physella as ‘benthic’.

2.4 Analysis of chemical elements

We focused on 11 chemical elements (A! As, Co, Cr, Cu, Mn, Ni, Pb, Se, V and Zn) that pose
high ecotoxicological risks in aquatic Jeposits of lignite combustion residues (Rowe, 2014;
Rowe et al., 2002), and can have ner\asive effects on habitats and biota (sensu Jarup, 2003).
Hg and Cd were not includec ‘n te analyses, because Hg is almost completely volatilized
during coal combustion (Ote.n- ey et al., 2003), and Cd concentrations in the samples were
too close to the detectic minit (Chmelova et al., 2021). In addition to these 11 elements, we
also quantified the concentrations of Ca and Mg in substrate (mg.g™) and water (mg.L™) and
concentrations of dissolved organic carbon (DOC, mg.L™) to assess their potential effect on
bioaccumulation patterns (MacMillan et al., 2019; Riidel et al., 2015). DOC concentrations in
water were determined by elemental analysis on TOC-L analyser (Shimadzu, Japan) using high-
temperature (680 °C) catalytic oxidation method with an infrared gas analyser (NDIR), after

filtering the samples through a 0.45 mm glass fibre filters (MN-GF5, Germany).



Sediment samples were freeze-dried, gently ground with mortar and pestle, sieved
through a 2 mm mesh to exclude stones and larger organic debris, ground to dust in a mixer
mill, mineralized in duplicates with nitric and perchloric acid for 12 h (Kopacek et al., 2001).
Water samples for chemistry analyses were filtered through 0.4 pum pore size glass-fibre filters
(MN-5, Macherey Nagel), acidified with the addition of 1% concentrated suprapur nitric acid.
Both substrate and water samples were analysed by an inductively coupled plasma mass
spectrometer (ICP-MS; Agilent 8800 ICP-QQQ, Agilent Technologies Inc., Tokyo, Japan) to
determine the total concentrations of Ca, Mg and the 11 foc2' ci.~mical elements. We used
average values of pH and DOC and average substrate and * va.>r concentrations of all elements
from each locality in the data analyses.

Animal samples consisted of whole-body tissu~ 1o all taxa except for Physella, in which
the shell was removed before the analysis. The sa. anles (N = 362) were frozen and freeze-dried
in a Christ ALPHA1-2 LD plus freeze- iry~r (Osterode, Germany). The dried material was
weighed, ground to dust using a lacaratory mixer mill (MM 200, Retsch, Germany),
homogenized, and a subsample wa< m. ¢ ralized with nitric (115°C) and perchloric acid (170°C)
for 12 hours (Kopacek et al., 26\ ). subsequently, water was added and the total concentrations
of the 11 focal elements in \~e samples were analysed by inductively coupled plasma mass

spectrometry (ICP-MS, Agnent 8800 ICP-QQQ, Agilent Technologies Inc., Japan).

2.5 Data analyses

2.5.1 Environmental concentrations

We first compared concentrations Ex. of all elements X in the substrate and water samples (e
= s for substrate and e = w for water), using generalized linear mixed models (GLMMSs) with
Gamma distribution and a log-link function, to determine if the environmental concentrations

differed between elements and the two post-industrial freshwater types. Following a model

10



selection approach (Burnham & Anderson 2002), we built five candidate models for each
sample category (Table S3) and included locality as random intercept to account for the
multiplicity of elements measured at each locality. We compared the models using the corrected
Akaike Information Criterion (AIC¢) to identify the most parsimonious model and other
plausible models (with AAIC; < 2).

We also ran two principal components analyses (PCA) using the concentration of the
11 elements in the substrate and in the water. This allowed us to identify the elements driving
the variation within each habitat type, to assess the differentiat~n «mong the localities, and to
determine if the variation in the environmental concentratiuns ‘was similar in the substrate and
water. Finally, we performed a redundancy analysis (R A using substrate and water pH, DOC
concentration, and substrate and water concentrations o1 ~a and Mg (the main drivers of water
conductivity) to test potential differences in the *m. ironmental conditions of the two habitat
types that could affect bioaccumulatic ' putterns (999 permutations). The analyses were
performed in Canoco 5 (Ter Braak & Smilauer, 2012) after transforming (as logio(x+1)) and

centring the response variables.

2.5.2 International legal limi.

We collated availabie ucta un the limit values of As, Cr, Cu, Pb, Se and Zn permitted in fish
and fishery products for human consumption in the different countries (European Comission,
2006; Nauen, 1983). These data were used to establish the range of legal maximum limits, to

which we compared the tissue concentrations found in the focal taxa.

2.5.3 Bioaccumulation patterns
Preliminary inspection of the data showed that both environmental and tissue concentrations

varied several orders of magnitude within each element, and that a linear relationship between

11



them, which underlies the calculation of BAF (Goodyear and McNeill, 1999; Mountouris et al.,
2002; Verschoor et al., 2012), did not hold for multiple taxa and elements (DeForest et al.,
2007). Unlike Peter et al. (2018), who included parameters describing element concentrations
in the environment and in food sources of individuals, we used a more general, power scaling
relationship between the concentration Ex. of the element X in the environment e and in the

animal tissue Ax

Ax ~ Ry, (Ex,e/EX,e)bX'e (1a)
that is,

In(Ax) ~ 7xe + bxe In(Exe/Ex.) (1b)
where rxe = In(Rxe) is the logarithm of the expectec tis~ue concentration Rxe at the median
concentration Ey . of element X in environment = (aereatter ‘BAF intercept’) and bxg is the
slope of the linearized relationship Eg. 1b on .~ log-log scale (hereafter ‘BAF slope’). Instead
of focusing on the BAF intercepts, we cai.'!lated and visualized the predicted values of Rx.
divided by Ey. (hereafter ‘expecten A~ values’). Values of Ex, were typically near the
maximum environmental concertratiun in the mining ponds and the minimum value in the fly
ash lagoons, or within the ov2rlapping range of concentrations in both types of freshwater
bodies (compare Tables . an\' S4).

We used generalized linear mixed models (GLMMs) with Gamma distribution and log-link
function to fit Eq. 1b to the data. Zero concentrations in specimen tissues (N = 3, all Se in natural
sites) were replaced by 10 pg.g™? to satisfy model assumptions. Water concentration data were
converted from pg.L™ to pg.g™* assuming the density of 998.2 g. L™ at 20°C to match the units
of all concentrations. Variation in the environmental conditions of the different localities was
accommodated in the analyses by including locality as a random intercept in all models.
Following a model selection approach as above, we compared 18 candidate models for each

element by combining nine models for the dependence on the concentrations in each

12



environment (Table 1). In brief, we assumed that the BAF intercept in each environment e could
be either constant (rx.e = rxe*), taxon-specific (rxe = rxe* + rxe (Taxon)) or taxon- and habitat-
specific (rxe = rxe* + rxe (Taxon) + rxe (Habitat)). We used the same logic for the BAF slope:
bx.e could be either constant (bx.e = bxe*), taxon-specific (bxe = bxe* + bxe (Taxon)) or taxon-
and habitat-specific (bxe = bxe* + bxe (Taxon) + bxe (Habitat)). Including a separate model
where b = 0, i.e., no dependence of tissue concentrations on the environmental concentration,
would have been desirable. However, this approach would have yielded too many models, and
we deduced the lack of dependence from the b value estimates ~< €, lained below.

We used a convention in which rxe* and bxe* represe.t tne BAF intercept and slope in
Perca (the top predator at our sites) in mining ponds, r~ -~ (Taxon) and bx.e (Taxon) describe the
difference in the respective parameter between the riven taxon and Perca, and rxe (Fly ash
lagoons) and bx. (Fly ash lagoons) describe thr u.fe.ence in the respective parameter between
fly ash lagoons and mining ponds. We di¢ no’. attempt to replace taxa with traits in the analyses,
as in (Peter et al., 2018), because of the low number of taxa. We comment on candidate traits
that may help explain the observed nai*e:ns in the Results (section 3.2) and Discussion (section

4.4).

Table 1. Structure of mceis linking element concentrations in animal tissues to environmental
concentrations in substrae and water (Eq. 1b). Bioaccumulation factor (BAF) intercept rxe =
logarithm of expected tissue concentration Rx. at median concentration Ey . of element X in
environment e; rxe* = estimate for Perca exposed to median environmental concentration in
substrate (e = s) or in water (e = w) in mining ponds; bxe = BAF slope; bxe* = BAF slope for
Perca in mining ponds. Symbols: T = Taxon and H = Habitat; see Materials and methods
(section 2.5.3) for further details.

Environment  Model

@ BAF intercept BAF slope
Substrate (s) (s1) Ixs = xs* + Ixs (T) + rxs (H)  bxs = bxs* + bxs (T) + bxs (H)
(52) xs = xs* + I'xs (T) bxs = bxs* + bxs (T) + bxs (H)

13



(53) Mxs = Ixs* bxs = bxs* + bxs (T) + bxs (H)
(s4) xs = Ixs* + Ixs (T) + rxs (H)  bxs = bxs* + bxs (T)

(s5) Ixs = Ixs* + rxs (T) bxs = bxs* + bxs (T)
(s6) Ixs = Ixs* bxs = bxs* + bxs (T)
(57) 'xs = Ixs* + I'xs (T) + I'xs (H) bxs = bxs*
(s8) Ixs = Ixs* + rxs (T) bxs = bxs*
(s9) xs = Ixs* bxs = bxs*
— *
Water (W) L) = i + i (T) + e (H) Z)—(I;V = Dxw* + xw (T) + bxw
(w2) Fxw = Fxw™ + rxw (T) D = D™ + b (T) + B
(H)
(w3) . Fxw = bxw* + bxw (T) + bxw
Mxw = I'xw (M,

" r = Iyw® + I N +r
( ) Xw Xw xw ( ) xw oW — bX,W* + bX'W (T)

(H)
(W5) Mxw = Mxw™ + 'xw (T) Oxw = bxw™ + bxw (T)
(W6)  Ixw = rxw” bxw = bxw™* + bxw (T)
(w7) Fxw = Mxw™ + Fxw (T) +rx,. {(A)  bxw = bxw*
(W8) Mxw = rxw™ + xw (T) bxw = bxw*
(w9) Mxw = rxw* bxw = bxw*

This approach allowed us to detZ.mn.~ the extent to which the 11 elements are
bioaccumulated in both types of post-indusu*al freshwater habitats and across the focal taxa,
and whether the bioaccumulation leve.. for the given combination of element and taxon are
more tightly linked to the envi, \nmental concentrations in substrate or water. We did not
include ‘null’ models with no Jependence on environmental concentrations, or models with
different intercepts or sloes between habitats but not between taxa. The inadequacy of such
models for our data (excest the most parsimonious model for Cu) was confirmed by exploring
the estimates of BAF intercepts and slopes.

Other plausible models (AAIC. < 2) were either simplified (with some predictors
dropped) or more complex (with some predictors added) versions of the most parsimonious
model for all elements except Se (see Results section 3.2 for details). Because additional
predictors unique to the other plausible models were of limited relevance, we report and
illustrate only the most parsimonious models (except Se, V and Zn, for which we also illustrate

the best substrate-based model).
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We extracted two measures from each most parsimonious model that characterize the
relationship described by Eg. 1b: the expected BAF value Ry ./Ex . and the BAF slope bxe,
together with the corresponding 95% confidence intervals based on the fixed effects. This
allowed us to compare bioaccumulation in the two habitat types across the different elements,
to examine how bioaccumulation ratios change with environmental concentrations, and to
identify the most bioaccumulated elements and most sensitive focal taxa. We omitted slope
estimates for combinations of taxon and habitat type with very short environmental gradients
(maximum environmental concentration less than 2.5 times the i, mum concentration).

We deemed any differences in expected BAF valies Ry ./Ex. and BAF slopes bx.
between individual taxa or the environments to be :igi.ificant when the respective 95%
confidence intervals did not overlap. Note that the BA ~ sice bxe = 1 describes a linear increase
of the element X concentration in the animal tissuc with the environmental concentration Exe,
which makes bioaccumulation factors cor..munly described in the literature directly comparable
across studies (Arnot and Gobas, 2006). Clope bx.e = 0 corresponds to a constant concentration
in the animal tissue irrespective of .2 c.vironmental concentration. Slopes bxe > 1 and 1 > bxe
> (0 correspond to supra-line. and sub-linear scaling relationships, in which the BAF
respectively increases anr 2ac.cases with the environmental concentration. Sub-linear scaling
leads to an inverse relaticship between BAF and exposure concentration that is widespread in
data pooled across multiple studies (DeForest et al., 2007).

Finally, we assessed the effect of environmental gradients on the bioaccumulation
patterns. For this, we used water conductivity, substrate and water pH, DOC or concentrations
of Ca and Mg in substrate and water as additional predictors in the most parsimonious model
(one variable added at a time) and compared the AICc values of the most parsimonious model
and the eight additional models for each element. We consider only the effects of additional

predictors that resulted in lower AlCc and report them as parameter estimates on the predictor
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scale with 95% confidence intervals. Including the environmental conditions had only minor
quantitative effects on parameter estimates of the model predictors specified in table 1 and did
not change the main results. Therefore, we report parameter estimates only for the most
parsimonious models without the added environmental predictors, allowing for a a direct
comparison of the parameters between elements.

All univariate models were analysed in R version 4.1.2 (R Core Team, 2022) using the
“glmmTMB” (Brooks et al., 2017) and “bbmle” (Bolker & R Development Core Team, 2021)
packages. We used the package “DHARMa” (Hartig, 2022) *~ e.nlore model residuals and
verify that they do not deviate strongly from the model essumptions or present any residual

trends. Model summaries were generated with the pack=gc “sjPlot” (Lidecke, 2021).

3. Results

3.1 Differences in concentrations betwee * el.ments and habitat types
Average substrate concentrations of the 2lements ranked as Al > Mn >V > Zn > (As ~ Cu) >
(Cr~ Ni) > Co > (Pb ~ Se) in the f'v &=k lagoons and as Al > Mn > Zn >V > (Cr ~ Ni ~ Pb) >
Cu > (As ~ Co) > Se in the mi."ing ponds (Tables 2 and S5). Average water concentrations of
the elements ranked as Mn > A¢ > Al >V > Zn > (Ni ~ Se) > (Co ~ Cu) > Cr > Pb in the fly
ash lagoons and as zn - As > Al > Ni >V > Cu > Mn > (Cr ~ Se) > (Co ~ Pb) in the mining
ponds (Tables 2 and S6). Substrate concentrations were always higher than water
concentrations, but the water-to-substrate ratio of Al, Co, Pb and V was 5-10 times higher in
fly ash lagoons than in mining ponds, indicating a greater water saturation with these elements
in fly ash lagoons.

Ranges of environmental concentrations of most elements overlapped in both habitat
types, although some were found at markedly higher concentrations in fly ash lagoons than in

mining ponds (substrate: As and Se, water: Al, As, Se and V; Table 2). Both substrate and water
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concentrations of the 11 elements were thus best described by the full Gamma GLMM model

with element- and habitat-specific values and element-specific differences between the habitat

types (Tables S3 and S7).

Table 2. Element concentrations (mean £ SD, calculated from the mean values at each locality)

in the substrate (ug.g™) and water samples (pg.L™) in each habitat type and the Czech national

limits in common soils and light sandy soils (mg.kg™? = pg.g*; Regulation no. 153/2016). See

Materials and methods section 2.2 for details. Highlighted valu~< e,.~eed on average the Czech

national limits in common soils (marked with * and boldface) o in light sandy soils (boldface).

Sample  Habitat
type Al As Co Cr Cu M Ni Pb Se \ Zn
Substrate  Mining 29272 165 163 332 284 39,0 355 320 06 5734 83.5
ponds + + + + + + + + + 316 +
17998 138 117 ?27”° 289 3594 3299 404 04 50.1
Fly ash 32372 644 194 24 640 703.1 556 120 13.8 152 7 81.6
lagoons * + S * + * + + + *
12580 454 7.0 148 41.0 4284 207 7.7 240 =573 38.0
Water Mining 01 02 01 0.2 8.7
ponds 26+ 50+ + + 08z 06+ 15+ + + 11+ +
1.3 8¢ 01 01 0.6 0.9 10 01 01 1.1 86
Fly ash 15 12 03 701.0 02 56 10.8
lagoons 254 + + + + 09z + 56= + + 185+ *
3. 411 33 0.2 0.7 22081 123 01 9.0 251 93
Limits Common -
<ol - 20.0 30.0 90.0 60.0 - 50.0 60.0 - 130 120
Light
sandy - 150 20.0 55.0 45.0 - 450 550 - 120 105

soil

The first 1-2 PCA axes captured most of the explained variation in substrate (axis 1:

65.0%, axis 2: 16.3%; Fig. 2A) and water concentrations (axis 1: 54.5%, axis 2: 20.7%; Fig.

2B). While both habitat types clearly differed in element concentrations in substrate and water,

their full ranges overlapped at individual localities (Fig. 2A and 1B). Main gradients in the
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substrate concentrations were driven mostly by As, Cu, Mn and V along the first PCA axis and
by Se along the second PCA axis. Main gradients in the water concentrations were driven
mostly by Co, Cr, Mn, Ni and Se along the first PCA axis and by As and V along the second
PCA axis. Locality differentiation within each habitat type was greater in fly ash lagoons, driven
mainly by As, Cu, Mn and Se concentrations in the substrate and by Al, As, Se and V

concentrations in the water (Fig. 2).

A) Substrate

1.0

Legend:
® Fly ash lagoons
Post-mining pools

0.4

Fig. 2. Principal component anc'vses of the concentrations of the 11 elements in substrate (A)
and water (B) samples. Bzth anels show the first two PCA axes. Olive grey circles = fly ash
lagoons, yellow-filled s.ares = mining ponds. Symbols = individual localities, arrows =

passive expressed element concentration gradients.

The two habitat types differed significantly in environmental conditions (RDA: pseudo-
F = 4.2, P = 0.023) and habitat type accounted for 14.3% of the adjusted explained variation
(Fig. S1). Fly ash lagoons were characterized by lower DOC concentrations and higher
concentrations of Ca and Mg, which also meant higher conductivity as compared to mining

ponds, while the pH of substrate and water did not differ between the two habitat types (Table
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S1; see Kolar et al. in this issue for a more comprehensive analysis of the environmental

differences).

3.2 Element concentrations in animal tissues: univariate approach

Animal tissue concentrations varied between elements and taxa but were often similar in both
habitat types (Fig. 3, Table S8). We found visibly higher tissue concentrations, with non-
overlapping interquartile ranges, in fly ash lagoons than in mining ponds for As (Perca, Rutilus,
Rhantus, Anax and Nepa), Co (Rutilus), Cu (Rhantus), Mn (Ru*..c<) «nd Se and V (all taxa; Fig.
3). Average tissue concentrations of individual elements ac oss 1l taxa ranked in a similar order
as the environmental gradient: Al > Mn >Zn > Cu > S. > (\s~ V) >Cr > Ni > Co > Pb in the
fly ash lagoons and Al > Mn > Zn > Cu > Cr > As > (Cu ~ Ni) >V > Pb in the mining ponds
(Fig. 3, Table S8). We observed large variatic.n 1.. tne tissue concentrations of the focal taxa,
that likely reflected differences in their ti>nkic level, feeding behaviour and microhabitat use.
Overall tissue concentrations higher in 2 benthic taxa (Orthetrum, Nepa and Physella) than
in the more pelagic taxa (Perca, R...:'us, Rhantus and Anax). For example, tissue concentrations
of As in the benthic taxa from u.» most polluted fly ash lagoons were ca. 103 times higher than
those in the fish from the 'z~s. olluted mining ponds (Fig. 3).

In terms of legal ..mits in fish and fishery products (Nauen, 1983; EC, 2006), the tissue
concentrations of Cu, Pb, and Zn were almost always within or below the range of limits set by
individual countries. Tissue concentrations of As were mostly below the limits for the pelagic
taxa and mostly above the limit for the benthic taxa; while the tissue concentrations of Cr were
all above the single limit value; and the tissue concentrations of Se were mostly within the limits
in mining pond samples (except Nepa and Physella), but always above the limits in fly ash

lagoon samples (Fig. 3).
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We then analysed how the tissue concentrations depend on the environmental
concentrations using Eq. 1b. The most parsimonious GLMM models showed that the tissue
concentrations were taxon-specific for each element (Table S9). Habitat type was retained as a
predictor of tissue concentrations for eight elements (Al, As, Cu, Mn, Pb, Se, V and Zn), but its
effect on the relationship between tissue and environmental concentrations were element-
specific (see below Fig. 4 for As, and Fig. S2 for all elements). Tissue concentrations were
better described by substrate than by water concentrations (8 out of the 11 elements), although
the dependence on environmental concentrations was negligib!~ 1.~ Cu (Tables S9 and S10).
The most parsimonious models linked tissue concentratio'is . water concentrations only for
Se, V, and Zn (Table S10). However, another plausible n.~del for Se (AAICc = 1.4, w = 0.161)
suggested habitat-dependent tissue concentrations ':nn2>d to substrate concentrations, with
higher tissue concentrations in fly ash lagoons {1 . hl: S9).

In addition to the environmental ¢ 'ncr.ntrations, tissue concentrations of 8 elements (Al,
Cr, Cu, Mn, Pb, Se, V and Zn) varied p.radictably with environmental conditions (Table S11).
All else being equal, tissue conc~ntit.ons of Cu, Pb and Zn increased with higher DOC
concentrations. However, tissc> coicentrations were often higher at mineral-rich localities
characterized by high pH or i.:o" concentrations of Ca or Mg. Tissue concentrations increased
with higher concentraticns uf Mg in substrate (Al, Pb and V) or in water (Cr, Mn, Pb, V and
Zn), Ca in water (Cr, Se and V), pH of substrate (Se) and pH of water (Cu and Se). Surprisingly,
tissue concentrations of Mn decreased with high pH values. These additional effects of
environmental conditions did not change the main results summarized above, as they caused
only minor changes in the estimated effects of environmental concentrations and in the

differences between taxa and habitat types.
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Fig. 3. Observed individual-level animal tissue concentrations of the 11 elements in mining

ponds (yellow) and fly ash lagoons (olive grey). Data shown as boxplots with outliers as

individual points. Individuals with measured zero Se concentration (N = 3) omitted. Dotted

horizontal lines illustrate the range of maximum legal limits in fish and fishery products (after

Nauen, 1983 and EC, 2006); only one value for Cr).
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Fig. 4. Prediction of the .nost parsimonious model linking As concentration in animal tissue to
substrate concentration. b'ack lines with colour band = mean fit + 95% CI; points = individual
data (mining ponds in yellow, fly ash lagoons in olive grey). Prediction for perch (Perca) in fly
ash lagoons (larger point with error bar) based on data from a single locality. Grey 45-degree

lines show a 1:1 (solid) and 1:10 (dotted) tissue:substrate bioaccumulation ratios.
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Fig. 5. Expected substrate-based (top four rows) and water-based (bottom row)
bioaccumulation factor (BAF) values, calculated as the tissue:environment concentration ratio
at the median concentration of element X in the given environment. Symbols with error bars =
estimates with 95% confidence intervals, predicted by the element-specific most parsimonious
model and by the best model for substrate-based relationship for Se, V, and Zn (see Materials
and methods section 2.5.3 and Table S10 for details). Mining ponds: yellow triangles and lines,
fly ash lagoons: olive grey circles and lines; joint value for both habitat types (elements for
which the most parsimonious model did not include habitat type as predictor: Co, Cr, Ni, Zn):
black diamond and line. Horizontal dashed lines correspond to BAF = 1.
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Expected BAF values (i.e., the ratios between the element concentration in the tissue
and the environment, calculated at the median environmental concentrations given by Table
S4) differed in both habitat types for six elements (Al, As, Cu, Pb, Se, V). We found higher
BAF intercepts rxe and hence higher expected BAF values in fly ash lagoons than in mining
ponds (As, Cu, Se, V), but also the reverse (Al, Pb), with the differences being not significant
in Cu and V based on the overlapping 95% Cls (Fig. 5 and Table S10).

Moreover, the expected BAF values were taxon-specific for all elements, although
within-habitat differences among taxa in both substrate- and *'ate.-based BAF values for Se
were not significant (Fig. 5). We observed similar differ:nc>s 1n observed, individual BAF
values across all elements (Figs. S2 and S3). Expectea ~ubstrate-based BAF values varied
between 0.01-1 for most elements, especially in the prlay '« taxa (Fig. 5). However, their values
were significantly above 1 for Cu (Rhantus, Nepe ary, especially, Physella) and Mn (Nepa and
Physella in mining ponds, Fig. 5), and m st ~r all individual substrate-based BAF values were
also higher than 1 for Se and Zn (all ta.a; Fig. S3). Expected and observed water-based BAF
values were much higher due to th= Ic'aer element concentrations in the water, with BAF > 1
in nearly all cases (Fig. 5) ar.' inuividual-level data as high as ~108-10° for Ni (Fig. S4).
Expected water-based BAF v.''"2s of V reflected taxon-specific differences in microhabitat use,
with higher values in bethic than in pelagic taxa (Fig. 5).

Although the relationships between the expected BAF values of individual taxa
associated with each microhabitat (i.e., pelagic or benthic) varied between elements, common
patterns emerged in the predictions of the most parsimonious models. For example, expected
BAF values were often lowest or joint lowest in one of the pelagic taxa (Perca: Al, As, Co, Cu,
Ni; Perca or Rutilus: Mn; Rhantus: Al, Cr, Pb, V), and highest or joint highest in one of the
benthic taxa (Nepa: As, Mn, Se, Zn; Orthetrum: Co; Physella: Al, Cr, Cu, Ni, Pb, Se, V; Fig.

5).
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BAF slopes (i.e., the exponents bx. of the power law relationship linking environmental
and tissue concentrations) of the most parsimonious models were neither habitat- nor taxon-
specific for three elements (Cu, Se, V), only taxon-specific for four elements (Co, Cr, Ni, Pb),
and both taxon- and habitat-specific for four elements (Al, As, Mn, Zn; Figs. 4, 6 and S1, Table
S10). In addition, the BAF slopes in the plausible, substrate-based model for Se (Table S9) were
both habitat- and taxon-specific. Additionally, the BAF slopes were always steeper in fly ash
lagoons than in mining ponds when the slopes differed between the two freshwater bodies,
especially for Mn (Fig. 6).

These BAF slopes differed among taxa and elemerits, hut most of the mean predicted
values were constrained between 0 and 1 (corresponanq, respectively, to constant tissue
concentrations that are independent of the environmenta: concentrations, or sub-linear scaling
of tissue concentrations with environmental car. -errations; Table S9 and Fig. 6). Although
most 95% confidence intervals overlappe 1 wich the (0,1) interval in the 11 elements, the values
for at least some taxa-by-environment combinations were significantly below 1 (corresponding
to sub-linear scaling; Fig. 6). BAF slcns of Cu and Zn were very close to zero, and we also
detected significantly negative SBAF slopes (i.e., whole 95% confidence interval < 0, but see
Discussion section 4.4 for nocsitle limitations of the data) in Anax (Co), Rutilus (Cr), Rhantus
(Mn in mining ponds), «™a rhysella (Mn in mining ponds; Fig. 6). Finally, significantly supra-
linear scaling (whole 95% confidence interval > 1) of the tissue concentrations with the
environmental concentration was found in Nepa (Co, and Mn in fly ash lagoons) and Physella

(Al in fly ash lagoons; Fig. 6).
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Fig. 6. Estimated bioaccumulation factor (BAF) slopes for the tissue:substrate (bxs, top four
rows) and tissue:water (bxw, bottom row) relationships. Symbols with error bars = estimates
with 95% confidence intervals, predicted by the element-specific most parsimonious models
and by the best model for substrate-based relationship for Se, V, and Zn (see Materials and
methods section 2.5.3 and Table S9 for details). Slopes for Perca (Al, As, Mn, and Zn) and
Rutilus (Mn) in fly ash lagoons not shown due to short environmental gradients. Mining ponds:
yellow triangles and lines, fly ash lagoons: olive grey circles and lines; joint value for both
habitat types (elements for which the most parsimonious model did not include habitat type as
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predictor for the BAF slope; substrate: Co, Cr, Cu, Ni, Pb, V, Zn; water: Se, V): black diamonds
and solid lines. Dashed horizontal lines mark constant (BAF slope = 0) and linear (BAF slope
= 1) relationship between tissue and environmental concentrations; intermediate values

correspond to sub-linear scaling.

4. Discussion
We assessed the effects of anthropogenic pollution in post-industrial freshwater habitats,
investigating the bioaccumulation patterns of 11 elements in seven animal taxa from two habitat
types. The power laws applied to our large dataset provideu o« Insightful overview of the
bioaccumulation patterns of the focal taxa along large en\ fron nental pollution gradients. Our
results suggest that, except for essential elemen’s ‘especially Cu, Mn, Se, and Zn),
bioaccumulation is driven by the environmental concencrations of elements rather than by
habitat-specific bioaccumulation patterns or t*apruc level. Furthermore, tissue concentrations
of most elements were better describea ™ substrate concentrations, with proximity to the
substrate constituting the main driver nf vriation in bioaccumulation across taxa. Our findings
suggest that many freshwater ani.n.'s can sustain the elevated environmental concentrations
of elements at post-industrial <ite= and that benthic taxa such as aquatic snails constitute its best

bioindicators.

4.1 Differences between habitat types
Post-industrial sites may pose environmental risks and public safety issues (Luo et al.,
2020; Neupane and Donahoe, 2013) associated with high concentrations of elements
(Chmelova et al., 2021; Polakova et al., 2022; Rowe et al., 2002). The large variation in the
element concentrations among localities likely reflects differences in the chemical composition
of the parent bedrock, extraction, or combustion processes, and different (but unavailable)

history of the management of the freshwater bodies. Nevertheless, the differentiation between
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the two habitat types was clear in both substrate and water samples (Fig. 2) suggests that fly
ash lagoons pose a greater environmental risk than mining ponds (Tables 2 and S5-S7). In fly
ash lagoons, the substrate concentrations of As, Mn, and especially Se, were higher than
reported recently in a larger survey of 19 localities that included our study sites (Chmelova et
al., 2021), and As and V exceeded the limits for common and light sandy agricultural soils,
which in mining ponds were only exceeded for Pb (Table 2). In sum, we confirmed our
expectation that the environmental concentrations of elements are higher in fly ash lagoons than
in mining ponds, although only for some and not all eler=n. For instance, the mean
environmental concentrations of Pb and Zn in the substrat. w~re higher in mining ponds than
in fly ash lagoons.

Concentrations of individual elements in tissue >amples of a given taxon were often
comparable in both habitat types. The concentrat, :ne were never higher in mining ponds, while
higher values in fly ash lagoons were re_tric.ed to seven elements and one or a few taxa (Al,
Co, Cu, Mn) or most or all taxa (As, Se, V; Fig. 3). Of these elements, only the tissue
concentrations of As (benthic tax~} a1 1 Se (all taxa) were above the range of legal maximum
limits permitted in fish and fichery products (Nauen, 1983; EC, 2006). Overall, the results
partially supported our predicticn (1) that concentrations in animal tissues should be higher in
fly ash lagoons. This cu.vouurates previous studies showing that pollution with As and Se, and
to a lesser extent other elements (Al, Co, Cu, Mn, V), may be of concern (l1zquierdo and Querol,
2012; Schwartz et al., 2016). Notwithstanding the greater environmental risk in fly ash lagoons,
both habitat types represent early successional stages that can provide refuge to numerous
threatened species in anthropogenic European landscapes (Kolar et al., 2021a,b). Although this
potential for biodiversity conservation is better documented in the terrestrial domain (Tropek

etal., 2014, 2013), the same may hold for the freshwater counterparts, as supported by previous
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studies in mining ponds (Kolar et al., 2021; Poladkova et al., 2022) and fly ash lagoons (Kolat
et al., 2015; Sroka et al., 2022; Kolar et al., this issue).

Contrary to our prediction (2), bioaccumulation was not always higher in fly ash lagoons
than in mining ponds for all elements. The most parsimonious models included habitat either
in the BAF intercept or in the BAF slope only for eight elements (Al, As, Cu, Mn, Pb, Se, V,
Zn). More importantly, the estimated differences were element-specific and often minor (Figs.
4-6 and S2). Nevertheless, we identified strong trends in the estimated substrate-based (Al, As,
Mn, Se) and water-based BAF slopes (Zn) consistent with a fas*er \.>crease in bioaccumulation
along the environmental gradient in fly ash lagoons than ir m.ing ponds (Fig. 6). Overall, our
results imply that the bioaccumulation of elements dene.xds primarily on the environmental
concentrations, while the element-specific habitat 2t .~ts found in our study corroborate
previous findings (Fletcher et al., 2020; Yu et a1., 2£12). Thus, our results suggest that, as the
environmental concentrations increase, a ‘iat.c biota may be at a greater risk in fly ash lagoons
than in mining ponds, raising motive fo ~oncern and awareness to the need of close monitoring

of element concentrations in fly ash laxrons.

4.2 Dependence on subsu ~t7, and water concentrations
Concentrations in am.Mar tissues were more closely related to substrate than water
concentrations in most elements as in O’Callaghan et al. (2022) and mostly in line with our
prediction (3). Interestingly, water was a better predictor of the tissue concentration for Se, V,
and Zn, in which the tissue concentrations did not vary much among taxa and did not depend
strongly on the environmental concentrations, i.e., the BAF slope was close to O or at least
consistently less than 1.

Water-based BAFs may be reliable predictors of the susceptibility to other elements, at least

in some of the pelagic taxa analysed in our study (Perca, Rutilus, Rhantus and Anax), as the
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dependence of bioaccumulation on environmental concentrations can differ between taxa
according to their microhabitat use and substrate proximity (e.g., benthic versus pelagic; Chen
et al., 2014; Hilgendag et al., 2022). However, our statistical analyses of bioaccumulation were
based on element- rather than taxon-specific models, as we focused on the bioaccumulation
patterns of the different elements in the two habitat types. This approach prevented us from
analysing bioaccumulation and its dependence on the environmental concentrations in substrate
and water on a taxon-by-taxon basis, which could be adopted in future studies with a stronger
focus on conservation. Overall, the tight relationship betw=ei, the tissue and substrate
concentrations across all taxa in our study highlights the inpo: *ance of the substrate as a source

of pollution in post-industrial sites.

4.3 Differences in bioaccumulation between v er.ents: expected BAF values and slopes
Tissue concentrations of most elements were lower than in the substrate, and the estimated
substrate-based BAF values ranged uotween 0.01 and 1 (Fig. 5). Several mutually non-
exclusive mechanisms can explair thic rasult: physiological mechanisms that limit intake (Ali
et al., 2019), shedding through 'epuration processes (e.g., larval moults; Buckland-Nicks et al.,
2014), other sources than the ;uikstrate (e.g., intake via food with low tissue concentrations; Liu
etal., 2019), and low bi>availability of substrate-bound elements.

Some elements broke this general pattern, with higher tissue than substrate
concentrations (expected BAF values > 1), for example in Cu (Rhantus, Nepa, and Physella),
Mn (Nepa, and Physella in mining ponds), Se and Zn (all taxa; Fig. 5). The predicted shallow
BAF slopes (bxe ~ 0) of these elements, associated with none or very limited dependence on
environmental concentrations, are consistent with their status of essential elements, critical for
the maintenance of biochemical and physiological functions (Ortowski et al., 2020; Proc et al.,

2020). However, while the tissue concentrations of Cu and Zn were within normal limits, the
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concentrations of Mn and Se exceeded recommended limits, especially in fly ash lagoons
(Hejna et al., 2018; Proc et al., 2020). Furthermore, tissue concentrations of the toxic elements
As and Pb were also above the maximum values reported in previous studies (Hejna et al., 2018;
Proc et al., 2020). The bioaccumulation of the four latter elements is concerning, especially in
the benthic taxa of fly ash lagoons, as recent research suggests that invertebrates may be more
sensitive to elevated environmental concentrations than vertebrates, calling for a review of
regulatory thresholds (Monchanin et al., 2021).

The observed sublinear scaling of tissue concertracons with environmental
concentrations (BAF slope 0 > bxe > 1) for most elements w.s consistent with our prediction
(4), but we also found important deviations (bx.e < 0 or hx. > 1). Apart from the near-constant
tissue concentrations of Cu and Zn discussed above, the .'ssue concentrations of Co (Anax), Cr
(Rutilus), Mn (Rhantus and Physella) and Zn (Fhy =!'a) declined with increasing environmental
concentrations (bx.e < 0); both patterns w.2re 4lso in line with our prediction (4). However, the
tissue concentrations of Al (Physen>), Co and Mn (Nepa) increased faster than the
environmental concentrations of thasc ciements (bxe > 1), which contradicted our prediction
(4). These results reinforce the ~lement-specific character of bioaccumulation and may reflect
physiological processes that >~*ively regulate element concentrations in individuals, e.g., by
promoting uptake (bxe - 1) or disproportionate excretion through depuration processes (bx,e <
0) at high environmental concentrations (Buckland-Nicks et al., 2014).

Our estimates of BAF values and slopes are based on total element concentrations in
substrate and water samples without considering potential limits of their bioavailability, e.g.,
the extent to which the elements were present in mobile or inert forms. We could have
underestimated the ‘true’ BAF values or obtained slightly biased slope estimates, as elements
in inert forms are not readily available for uptake and the availability relative to total

environmental concentrations can differ between the elements and depend on environmental
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conditions (MacMillan et al., 2019; Ridel et al. 2015). We have partly addressed this issue by
examining links between environmental conditions and tissue concentrations, and by using
locality as a random intercept in the GLMM models to accommodate the variation in the
environmental conditions of the study localities. Our findings are mostly in line with the
literature, stating that the bioavailability of the elements for uptake is higher in habitats
characterised by low DOC concentrations, or high environmental concentrations of Ca and Mg
(MacMillan et al., 2019; Rudel et al. 2015). Although tissue concentrations of Mn decreased
with high pH values, this reflects the leaching behaviour of thic 2le.ment, that like other metals
is insoluble under near neutral to alkaline condition, \‘zquierdo and Querol, 2012).
Nevertheless, our main findings are robust as the effect< ¢ environmental conditions had only
a minor impact on our conclusions.
4.4 Differences in bioaccumulation between ¥

Bioaccumulation of all elements exceg S¢ varied substantially among taxa in our study.
Although similar to the findings of prev.2us studies (Erasmus et al., 2020; Pastorino et al., 2020,
2019), these results only partia''v ~rreed with our prediction (5), suggesting that the
microhabitat rather than trophic levei is a key predictor of bioaccumulation for most elements.
The expected BAF values 1.'lI7wed the gradient in microhabitat proximity to the substrate
(Physella > (Orthetrum - Invepa) > Anax > Rhantus > (Rutilus ~ Perca)) in some elements (Al,
C, Cr, Ni), or reflected more generic differences between pelagic (Perca, Rutilus and Rhantus)
and benthic taxa (Nepa, Orthetrum and Physella) in other elements (As, Co, Mn, Pb, V).

These patterns imply that taxa strongly associated to the substrate may constitute good
bioindicators of pollution in post-industrial sites. Our results highlight the potential of
freshwater snails such as Physella as reliable bioindicators of this form of pollution

(Coeurdacier et al. 2003), due to their ubiquity, low mobility, and inability to shed excess
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elements through depuration processes (e.g., during larval moults); but also revealed the
potential of the true bug Nepa as another candidate for a bioindicator species.

The uptake via trophic transfer can vary with element (Luoma and Rainbow, 2005;
Schlekat et al., 2004) and feeding guild (Erasmus et al., 2020; Goodyear and McNeill, 1999;
Pastorino et al., 2020), but bioaccumulation is usually assumed to increase with trophic level
through biomagnification (Kim and Kim, 2016). However, we found little evidence for this
increase except consistent differences in Physella (detritivore) and Perca (top predator). This
lack of congruence between bioaccumulation and trophic leve! ‘Henp et al., 2017; Rahman et
al., 2012) may arise from taxon-specific microhabitat prox.m.‘v 1o the substrate that can mask
the effect of trophic level. For example, all taxa surveyen b, Erasmus et al. (2020), who reported
a relationship between bioaccumulation and trophic 'evc's, were strongly associated with the
substrate. This was not the case in our study, v-h. h ‘ncluded taxa from different trophic levels
with diverse hunting modes and prefer: *«d raicrohabitats. Thus, our results suggest that the
dependence on trophic level may manite =t primarily in taxa with similar levels of environmental
exposure mediated by proximity te the riain source of pollution (e.g., substrate).

BAF slopes varied strcngly among taxa in some (Al, Co, Cr, Mn, Ni) but not all
elements, with marked devia..~r.s for some combinations of taxa and elements. Negative BAF
slopes (bx.e < 0) predicic ¥ 1ur Anax and Orthetrum suggest sensitivity of the odonates to Co and
Ni, but also resilience to the bioaccumulation of these elements. On the contrary, the high BAF
slopes (bx.e > 1) predicted for Nepa suggest its susceptibility to the bioaccumulation of Co and
Mn. The apparent inconsistency of some patterns in BAF slopes across elements (e.g., Rutilus
relative to the other taxa) may imply element-specific sensitivity in the focal taxa, but could
also reflect the inherent uncertainty associated with relatively short environmental gradients for

some elements (Al, Co, Cr, Ni) and taxa (Rutilus, Rhantus, and Nepa), particularly in fly ash
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lagoons. Future studies conducted along larger environmental gradients than those available to

us could clarify these questions.

4.5 Implications for monitoring and conservation of post-mining freshwater habitats

The presence of taxa from different trophic levels with diverse microhabitat preferences and
feeding strategies in both habitat types suggests that freshwater biota can sustain the pollution
levels at a wide range of post-industrial sites. The fact that most of the focal taxa were only
present at a subset of the 20 study localities mirrors other bioar~'in., lation studies across large
environmental and spatial gradients (e.g., Cain et al., 1992}. _ecies distribution in freshwater
bodies depends on many factors beyond pollution levels, especially in fishes due to human
action.

Nevertheless, the distribution of the mac ni*ivertebrates in our study may reflect not
only taxon-specific ecological niches, bu- al<o differential sensitivity to the (sub)lethal effects
of elevated levels of elements, which «*fects individuals indirectly through changes in water
chemistry (e.g., conductivity and ~H; =2va and Penttinen, 2009; Gillet and Ponge, 2003) and
directly through the toxicity c: elenients (e.g., As, Cu, Mn, Pb, and Zn; Culioli et al., 2009;
Lopez et al., 2016; Yu et &f 2012). That is, over time, pollution can reduce organismal
abundance and chanye v ~nununity structure, via environmental filtering and elimination of the
least tolerant taxa (Fleeger et al., 2003; Rohr et al., 2006, 2016). For example, we found Nepa
at nine mining ponds but only at two fly ash lagoons in our study. Thus, future studies should
examine potential relationships between bioaccumulation of the different elements and the
presence of the focal taxa in habitat types that differ in pollution levels, such as mining ponds

and fly ash lagoons.

5. Conclusions
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Despite recent advances and attempts to identify general trends in bioaccumulation patterns
across taxa, comprehensive and robust assessments are rare (Liu et al., 2019). We showed that
analyses based on a power law approach can quantify and disentangle the effects of various
drivers of bioaccumulation. This highlights the importance of comprehensive local studies
covering many elements and taxa. It also opens new avenues to investigate the complex
bioaccumulation patterns of various other contaminants that are of growing importance in the
increasingly anthropogenic landscapes (Martinez-Megias and Rico, 2022) and to further our
ability to predict the effects of environmental hazards across cemn,'nities and environments.
Importantly, our study also provided novel insighs on the effects of environmental
pollution in post-mining freshwater habitats. Difference~ in tissue concentrations of most
elements were driven by substrate rather than water sorn.centrations of the elements, while the
effect of habitat type on bioaccumulation patte n. wes limited in our study. This highlights the
importance of the substrate as a reservc v 0’ elements and its polluting potential in standing
freshwaters. Furthermore, the microhan.*at association of the focal taxa was far more important
than their trophic level in determii irg the bioaccumulation levels. Thus, taxa strongly
associated to the substrate sucn as molluscs (e.g., Physella) and other benthic
macroinvertebrates (e.g., Nep ) constitute good bioindicators of pollution. Finally, the ability
of the freshwater bicta : sustain elevated environmental concentrations of elements in post-
industrial sites may hold potential for conservation, even if our research showed that fly ash

lagoons pose a greater environmental risk than mining ponds.

35



Acknowledgments

We thank the owners and administrators of the fly ash deposits for their kind approval of the
study and for facilitating the access to the localities. We thank Pavel Potocky and Guillem
Casbas-Pinto for their help with the field work and in the collection of specimens. The permit
for the collection of fish in all the localities included in this study was issued by the Czech
Fishing Association, as officially authorized by the Ministry of Agriculture of the Czech
Republic. The permit to handle animals (CZ03061) was issued by the Ministry of Agriculture
of the Czech Republic to ZM. This research was funded by th= C-ech Science Foundation
(18-15927S), Czech Academy of Sciences (Strategy AV2] Lad conservation and restoration),

and Foundation for Science and Technology (CEEC!N./02435/2018).

References

Ahmed, A.S.S., Sultana, S., Habib, A., Ulab, H., Musa, N., Hossain, M.B., Rahman, M.,
Sarker, S.1., 2019. Bioaccumulation o1 ~eavy metals in some commercially important
fishes from a tropical river estuary <uggests higher potential health risk in children than
adults. PLoS One 14, e0219325. n :ps://doi.org/10.1371/journal.pone.0219336

Ali, H., Khan, E., llahi, I., 2019. ‘=nvi;onmental chemistry and ecotoxicology of hazardous
heavy metals: Environmc tal persistence, toxicity, and bioaccumulation. J Chem 2019,
6730305. https://doi.orgs21..155/2019/6730305

Andres, S., Ribeyre, F., 7ouw *ncq, J.-N., Boudou, A., 2000. Interspecific comparison of
cadmium and z«.> cunaamination in the organs of four fish species along a polymetallic
pollution gradient () .ot River, France). Sci Total Environ 248, 11-25.
https://doi.org/10.1016/s0048-9697(99)00477-5

Arnot, J.A., Gobas, F.A.P.C., 2006. A review of bioconcentration factor (BCF) and
bioaccumulation factor (BAF) assessments for organic chemicals in aquatic organisms.
Environmental Reviews 14, 257-297. https://doi.org/10.1139/A06-005

Atiaga, O., Ruales, J., Nunes, L.M., Otero, X.L., 2021. Toxic elements in soil and rice in
ecuador. Agronomy 11, 1594, https://doi.org/10.3390/agronomy11081594

Bere, T., Dalu, T., Mwedzi, T., 2016. Detecting the impact of heavy metal contaminated
sediment on benthic macroinvertebrate communities in tropical streams. Science of the
Total Environment 572, 147-156. https://doi.org/10.1016/j.scitotenv.2016.07.204

Bolker, B., R Development Core Team, 2021. bbmle: Tools for general maximum likelihood
estimation. R package version 1.0.24.

36



Brazova, T., Torres, J., Eira, C., Hanzelova, V., Miklisova, D., Salamtn, P., 2012. Perch and
its parasites as heavy metal biomonitors in a freshwater environment: The case study of
the Ruzin Water Reservoir, Slovakia. Sensors 12, 3068—-3081.
https://doi.org/10.3390/s120303068

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
Skaug, H.J., Maechler, M., Bolker, B.M., 2017. gimmTMB Balances speed and
flexibility among packages for zero-inflated generalized linear mixed modelling. The R
Journal, 9(2), 378-400.

Buckland-Nicks, A., Hillier, K.N., Avery, T.S., O’Driscoll, N.J., 2014. Mercury
bioaccumulation in dragonflies (Odonata: Anisoptera): Examination of life stages and
body regions. Environ Toxicol Chem 33, 2047-2054. https://doi.org/10.1002/etc.2653

Burghelea, C.1., Zaharescu, D.G., Hooda, P.S., Palanca-Soler, A., ?011. Predatory aquatic
beetles, suitable trace elements bioindicators. Journal of Environmental Monitoring 13,
1308-1315. https://doi.org/10.1039/c1em10016e

Burnham, K.P., Anderson, D.R., 2002. Model selection =nd wmirerence: A practical
information-theoretic approach. 2nd Edition, Sg.inger-Verlag, New York.
http://dx.doi.org/10.1007/b97636

Cain, D.J., Luoma, S.N., Carter, J.L., Fend, S.V , 1492, Aquatic insects as bioindicators of
trace element contamination in cobble-kutto.., rivers and streams. Canadian Journal of
Fisheries and Aquatic Sciences 49, ~14'—2254. https://doi.org/10.1139/f92-237

Cain, D.J., Luoma, S.N., Wallace, W.G., 20u . Linking metal bioaccumulation of aquatic
insects to their distribution patteri.2 in a mining-impacted river. Environ Toxicol Chem
23, 1463-1473. https://doi.org 1%...597/03-291

Chen, C.Y., Borsuk, M.E., Bugg~ D..A., Hollweg, T., Balcom, P.H., Ward, D.M., Williams,
J., Mason, R.P., 2014. Bcthic and pelagic pathways of methylmercury bioaccumulation
in estuarine food webs 01 *he Northeast United States. PLoS One 9, e89305.
https://doi.org/10.1271,,~urnal.pone.0089305

Chen, C.Y., Stemberye: K.S., Klaue, B., Blum, J.D., Pickhardt, P.C., Folt, C.L., 2000.
Accumulation of he vy metals in food web components across a gradient of lakes.
Limnol. Oceanogr 45, 1525-1536. https://doi.org/10.4319/10.2000.45.7.1525

Cherry, D.S., Guthrie, R.K., 1977. Toxic metals in surface waters from coal ash. Water
Resources Bulletin 13, 1227-1236. https://doi.org/10.1111/j.1752-1688.1977.tb02093.x

Chmelova, E., Kolar, V., Jan, J., Carreira, B.M., Landeira-Dabarca, A., Otahalova, S.,
Polakova, M., Vebrova, L., Borovec, J., Boukal, D.S., Tropek, R., 2021. Valuable
secondary habitats or hazardous ecological traps? Environmental risk assessment of
minor and trace elements in fly ash deposits across the Czech Republic. Sustainability
13, 10385. https://doi.org/10.3390/su131810385

Coeurdacier, M., De Vaufleury, A., Badot, P.M., 2003. Bioconcentration of cadmium and
toxic effects on life-history traits of pond snails (Lymnaea palustris and Lymnaea
stagnalis) in laboratory bioassays. Arch Environ Contam Toxicol 45(1):102-109.
https://doi.org/10.1007/s00244-002-0152-4

37



Corbet, P.S. (1999): Dragonflies: Behaviour and Ecology of Odonata." Aquatic Insects 23(1),
p. 83.

Culioli, J.L., Fouquoire, A., Calendini, S., Mori, C., Orsini, A., 2009. Trophic transfer of
arsenic and antimony in a freshwater ecosystem: A field study. Aquatic Toxicology 94,
286-293. https://doi.org/10.1016/j.aquatox.2009.07.016

de Boer, J., Garrigues, P., Gu, J.-D., Jones, K.C., Knepper, T.P., Newton, A., Sparks, D.L.,
2018. The handbook of environmental chemistry. https://doi.org/10.1007/978-3-319-
59502-3

DeForest, D.K., Brix, K. v., Adams, W.J., 2007. Assessing metal bioaccumulation in aquatic
environments: The inverse relationship between bioaccumulation factors, trophic
transfer factors and exposure concentration. Aquatic Toxizology 84, 236-246.
https://doi.org/10.1016/j.aquatox.2007.02.022

di Veroli, A., Santoro, F., Pallottini, M., Selvaggi, R., Scardaz.a. T-., Cappelletti, D., Goretti,
E., 2014. Deformities of chironomid larvae and heav v m. tal pollution: From laboratory
to field studies. Chemosphere 112, 9-17.
https://doi.org/10.1016/j.chemosphere.2014.03.05C

Eeva, T., Penttinen, R., 2009. Leg deformities of orikatiu mites as an indicator of
environmental pollution. Science of the Tc 8’ Environment 407, 4771-4776.
https://doi.org/10.1016/j.scitotenv.2009 115.L23

Erasmus, J.H., Malherbe, W., Zimmerm¢ n, 5., Lorenz, A.W., Nachev, M., Wepener, V.,
Sures, B., Smit, N.J., 2020. Metal accu.mulation in riverine macroinvertebrates from a
platinum mining region. Science ¢ the Total Environment 703.
https://doi.org/10.1016/j.scitot 2rv.2319.134738

European Comission, 2006. Sett’\g n.aximum levels for certain contaminants in foodstuffs.

Fleeger, J.JW., Carman, K.R., Nlis>et, R.M., 2003. Indirect effects of contaminants in aquatic
ecosystems. Science ¥ the Total Environment 317, 207-233.
https://doi.org/10.101¢./'S0048-9697(03)00141-4

Fletcher, D.E., Lindell, ~ H., Stankus, P.T., Fletcher, N.D., Lindell, B.E., McArthur, J.V.,
2020. Metal accur..ulation in dragonfly nymphs and crayfish as indicators of
constructed wetland effectiveness. Environmental Pollution 256, 113387.
https://doi.org/10.1016/j.envpol.2019.113387

Fletcher, D.E., Lindell, A.H., Stankus, P.T., Fulghum, C.M., Spivey, E.A., 2022. Species- and
element-specific patterns of metal flux from contaminated wetlands versus metals shed
with exuviae in emerging dragonflies. Environmental Pollution 300, 118976.
https://doi.org/10.1016/j.envpol.2022.118976

Fletcher, D.E., Lindell, A.H., Stillings, G.K., Blas, S.A., Vaun McArthur, J.V., 2017. Trace
element accumulation in lotic dragonfly nymphs: Genus matters. PLoS One 12,
e0172016. https://doi.org/10.1371/journal.pone.0172016

Frémion, F., Bordas, F., Mourier, B., Lenain, J.F., Kestens, T., Courtin-Nomade, A., 2016.
Influence of dams on sediment continuity: A study case of a natural metallic

38



contamination. Science of the Total Environment 547, 282—-294.
https://doi.org/10.1016/j.scitotenv.2016.01.023

Gavhane, S. K., Sapkale, J. B., Susware, N. K., Sapkale, S. J., 2021. Impact of heavy metals
in riverine and estuarine environment: a review. Res. J. Chem. Environ, 25, 226-233.

Gheorghe, S., Stoica, C., Vasile, G.G., Nita-Lazar, M., Stanescu, E., Lucaciu, L.E., 2017.
Metals toxic effects in aquatic ecosystems: Modulators of water quality, in: Water
Quality. InTech. https://doi.org/10.5772/65744

Gillet, S., Ponge, J.F., 2003. Changes in species assemblages and diets of Collembola along a
gradient of metal pollution. Applied Soil Ecology 22, 127-138.
https://doi.org/10.1016/S0929-1393(02)00134-8

Goodyear, K.L., McNeill, S., 1999. Bioaccumulation of heavy . -tals by aquatic macro-
invertebrates of different feeding guilds: a review. Sci T~w! Eaviron 229, 1-19.
https://doi.org/10.1016/S0048-9697(99)00051-0

Gundacker, C., 2000. Comparison of heavy metal bioaccr."!l=¢on in freshwater molluscs of
urban river habitats in Vienna. Environmental Pe!lu.on 110, 61-71.
https://doi.org/10.1016/S0269-7491(99)00286- "

Hans, J., Jost, C., Zauke, G.P., 2011. Significancs 2nd interspecific variability of accumulated
trace metal concentrations in Antarctic ber.*ic polychaetes. Science of the Total
Environment 409, 2845-2851. https://40:.7rg/10.1016/j.scitotenv.2011.04.014

Hartig, F., 2022. DHARMa: Residual Diay ostics for hierarchical (multi-Level / mixed)
regression models. R package vesion 0.4.5.https://CRAN.R-
project.org/package=DHARM?.

Hejna, M., Gottardo, D., Baldi, A., Deu Orto, V., Cheli, F., Zaninelli, M., Rossi, L., 2018.
Review: Nutritional ecolcgy ~f heavy metals. Animal 12, 2156-2170.
https://doi.org/10.1017/S1,5173111700355X

Hepp, L.U., Pratas, JA.M.S . C.aca, M.A.S., 2017. Arsenic in stream waters is
bioaccumulated bu. nei her biomagnified through food webs nor biodispersed to land.
Ecotoxicol Enviror Saf 139, 132-138. https://doi.org/10.1016/j.ecoenv.2017.01.035

Hilgendag, I.R., Swanson, H.K., Lewis, C.W., Ehrman, A.D., Power, M., 2022. Mercury
biomagnification in benthic, pelagic, and benthopelagic food webs in an Arctic marine
ecosystem. Science of the Total Environment 841, 156424,
https://doi.org/10.1016/j.scitotenv.2022.156424

Hodecek, J., Kuras, T., Sipos, J., Dolny, A., 2016. Role of reclamation in the formation of
functional structure of beetle communities: A different approach to restoration. Ecol
Eng 94, 537-544. https://doi.org/10.1016/j.ecoleng.2016.06.027

Horsak M., Jufi¢kova L. & Picka J., 2013: Mékkysi Ceské a Slovenské republiky. Molluscs of
the Czech and Slovak Republics. — Nakladatelstvi Kabourek, Zlin, 264 pp. ISBN 978-
80-86447-15-5

Islam, M.S., Hossain, M.B., Matin, A., Islam Sarker, M.S., 2018. Assessment of heavy metal
pollution, distribution and source apportionment in the sediment from Feni River

39



estuary, Bangladesh. Chemosphere 202, 25-32.
https://doi.org/10.1016/j.chemosphere.2018.03.077

Izquierdo, M., Querol, X., 2012. Leaching behaviour of elements from coal combustion fly
ash: An overview. Int J Coal Geol 94, 54-66. https://doi.org/10.1016/j.coal.2011.10.006

Jéarup, L., 2003. Hazards of heavy metal contamination. Br Med Bull 68, 167-182.
https://doi.org/10.1093/bmb/lIdg032

Johnson, A.C., Donnachie, R.L., Sumpter, J.P., Jurgens, M.D., Moeckel, C., Pereira, M.G.,
2017. An alternative approach to risk rank chemicals on the threat they pose to the
aquatic environment. Science of the Total Environment 599-600, 1372-1381.
https://doi.org/10.1016/j.scitotenv.2017.05.039

Kim, H.T., Kim, J.G., 2016. Uptake of cadmium, copper, lead, .’«d zinc from sediments by an
aquatic macrophyte and by terrestrial arthropods in a fre<., awcr wetland ecosystem.
Arch Environ Contam Toxicol 71, 198-209. https://doi..va/".0.1007/s00244-016-0293-5

Kolar, V., Boukal, D.S., 2020. Habitat preferences of the e\ 1ar.,gered diving beetle
Graphoderus bilineatus: implications for conservatiu» management. Insect Conserv
Divers 13, 480-494. https://doi.org/10.1111/icc.1.12 133

Kolar, V., Tichanek, F., Tropek, R., 2021a. Evidr::~e-based restoration of freshwater
biodiversity after mining: Experience frow. 7 er.tral European spoil heaps. Journal of
Applied Ecology 58, 1921-1932. httr="//(ni.0org/10.1111/1365-2664.13956

Kolat, V., Tichanek, F., Tropek, R., 2017. T cfect of different restoration approaches on two
species of newts (Amphibia: Cacdata) in Central European lignite spoil heaps. Ecol Eng
99, 310-315. https://doi.org/10.271u.j.ecoleng.2016.11.042

Kolat, V., Tichanek, F., Tropek, I.., ?015. Strong population of Cybister lateralimarginalis
(De Geer, 1774) (Coleoptzara: Dytiscidae) at lignite spoil heaps in western Czech
Republic. Elateridarium. 9, 260-162.

Kolar, V., Vlasanek, P., Rzk.!, D.S., 2021b. The influence of successional stage on local
odonate communit,»s ir. man-made standing waters. Ecological Engeneering, 173:
106440. https://dor.~rg/10.1016/j.ecoleng.2021.106440

Kopacek, J., Borovec, J., Hejzlar, J., Porcal, P., 2001. Spectrophotometric determination of
iron, aluminum, and phosphorus in soil and sediment extracts after their nitric and
perchloric acid digestion. Commun Soil Sci Plant Anal 32, 1431-1443.
https://doi.org/10.1081/CSS-100104203

Kottelat, M., Freyhof, J., 2007. Handbook of European freshwater fishes. Publications
Kottelat, Cornol and Freyhof, Berlin. 646 pp.

Kuzmick, D.M., Mitchelmore, C.L., Hopkins, W.A., Rowe, C.L., 2007. Effects of coal
combustion residues on survival, antioxidant potential, and genotoxicity resulting from
full-lifecycle exposure of grass shrimp (Palaemonetes pugio Holthius). Science of the
Total Environment 373, 420—430. https://doi.org/10.1016/j.scitotenv.2006.11.009

40



Liu, J., Cao, L., Dou, S., 2019. Trophic transfer, biomagnification and risk assessments of
four common heavy metals in the food web of Laizhou Bay, the Bohai Sea. Science of
the Total Environment 670, 508-522. https://doi.org/10.1016/j.scitotenv.2019.03.140

Liu, X., Zhang, J., Huang, X., Zhang, L., Yang, C., Li, E., Wang, Z., 2022. Heavy metal
distribution and bioaccumulation combined with ecological and human health risk
evaluation in a typical urban plateau lake, Southwest China. Front Environ Sci 10,
814678. https://doi.org/10.3389/fenvs.2022.814678

Lopez, A.R., Hesterberg, D.R., Funk, D.H., Buchwalter, D.B., 2016. Bioaccumulation
dynamics of arsenate at the base of aquatic food webs. Environ Sci Technol 50(12),
6556-6564. https://doi.org/10.1021/acs.est.6b01453

Lidecke, D., 2021. sjPlot: Data visualization for statistics in sorial science. R package version
2.8.10. https://CRAN.R-project.org/package=sjPlot

Luo, Z., Chen, L., Zhang, M., Liu, L., Zhao, J., Mu, Y., 2020. .Anzysis of melting
reconstruction treatment and cement solidification ol ulu a-risk municipal solid waste
incinerator fly ash-blast furnace slag mixtures. En-:irornnental Science and Pollution
Research 27, 32139-32151. https://doi.org/10.1%u 7 's11356-020-09395-8

Luoma, S.N., Rainbow, P.S., 2005. Why is metal bio.ccumulation so variable? Biodynamics
as a unifying concept. Environ Sci Technc. *ttos://doi.org/10.1021/es048947e

Martinez-Megias, C., Rico, A., 2022. Biod* "ar.tv impacts by multiple anthropogenic
stressors in Mediterranean coastal " vetlunds. Science of the Total Environment 818,
151712. https://doi.org/10.1016/j.scito.~nv.2021.151712

MacMillan, G.A., Clayden, M.G., Cki=lay, J., Richardson, M.C., Ponton, D.E., Perron, T.,
Amyot, M., 2019. Environment | ririvers of rare earth element bioaccumulation in
freshwater zooplankton. Erviro.: Sci Technol 53, 1650-1660.
https://doi.org/10.1021/ac<.e51.80055547

McGeer, J.C., Brix, K. v, Skeaft J.M., DeForest, D.K., Brigham, S.1., Adams, W.J., Green,
A., 2003. Inverse r:lau.nship between bioconcentration factor and exposure
concentration for me:is: Implications for hazard assessment of metals in the aquatic
environment. Envirc n Toxicol Chem 22, 1017-1037.
https://doi.org/10.1002/etc.5620220509

Milani, D., Reynoldson, T.B., Borgmann, U., Kolasa, J., 2003. The relative sensitivity of four
benthic invertebrates to metals in spiked-sediment exposures and application to
contamined field sediment. Environ Toxicol Chem 22, 845-854.
https://doi.org/10.1002/etc.5620220424

Monchanin, C., Devaud, J.M., Barron, A.B., Lihoreau, M., 2021. Current permissible levels
of metal pollutants harm terrestrial invertebrates. Science of the Total Environment 779,
146398. https://doi.org/10.1016/j.scitotenv.2021.146398

Mountouris, A., Voutsas, E., Tassios, D., 2002. Bioconcentration of heavy metals in aquatic
environments: the importance of bioavailability. Mar Pollut Bull 44, 1136-1141.
https://doi.org/10.1016/s0025-326x(02)00168-6

41



Nauen, C.E., 1983. Compilation of legal limits for hazardous substances in fish and fishery
products.

Neupane, G., Donahoe, R.J., 2013. Leachability of elements in alkaline and acidic coal fly ash
samples during batch and column leaching tests. Fuel 104, 758-770.
https://doi.org/10.1016/j.fuel.2012.06.013

O’Callaghan, 1., Fitzpatrick, D., Sullivan, T., 2022. Thiophilicity is a determinant of
bioaccumulation in benthic fauna. Environmental Pollution 294, 118641.
https://doi.org/10.1016/j.envpol.2021.118641

Ortowski, G., Mroz, L., Kadej, M., Smolis, A., Tarnawski, D., Karg, J., Campanaro, A.,
Bardiani, M., Harvey, D.J., Méndez, M., Thomaes, A., Vrezec, A., Ziomek, K.,
Rudecki, A.L., Mader, D., 2020. Breaking down insect stsichiometry into chitin-based
and internal elemental traits: Patterns and correlates of cori.ent-wide intraspecific
variation in the largest European saproxylic beetle. Env'ron: 1ental Pollution 262,
114064. https://doi.org/10.1016/j.envpol.2020.11406"

Otero-Rey, J.R., Lépez-Vilarifio, J.M., Moreda-Pifieiro, ', Aionso-Rodriguez, E.,
Muniategui-Lorenzo, S., Lopez-Mahia, P., Prad +-rinariguez, D., 2003. As, Hg, and Se
flue gas sampling in a coal-fired power plant anu *heir fate during coal combustion.
Environ Sci Technol 37, 5262-5267. https://do1.0rgr10.1021/es020949g

Pastorino, P., Bertoli, M., Squadrone, S., Briz\y, ., Piazza, G., Oss Noser, A.G., Prearo, M.,
Abete, M.C., Pizzul, E., 2019. Dete~.c101 01 race elements in freshwater macrobenthic
invertebrates of different functional .~ zding guilds: A case study in Northeast Italy.
Ecohydrology and Hydrobiolog," 19, 423-440.
https://doi.org/10.1016/j.ecohy~.”0.2.04.006

Pastorino, P., Zaccaroni, A., Dore..e ~., Falasco, E., Silvi, M., Dondo, A., Elia, A.C., Prearo,
M., Bona, F., 2020. Functio.:2l feeding groups of aquatic insects influence trace element
accumulation: Findings fo: filterers, scrapers and predators from the Po basin. Biology
(Basel) 9, 288. https://'10i..,¢g/10.3390/biology9090288

Peter, D.H., Sardy, S. Rudricuez, J.D., Castella, E., Slaveykova, V.lI., 2018. Modeling whole
body trace metal cucentrations in aquatic invertebrate communities: A trait-based
approach. Enviror...iental Pollution 233, 419-428.
https://doi.org/10.1016/j.envpol.2017.10.044

Poldkova, M., Straka, M., Polasek, M., Némejcova, D., 2022. Unexplored freshwater
communities in post-mining ponds: effect of different restoration approaches. Restor
Ecol 30. https://doi.org/10.1111/rec.13679

Pouil, S., Jones, N.J., Smith, J.G., Mandal, S., Griffiths, N.A., Mathews, T.J., 2020.
Comparing trace element bioaccumulation and depuration in snails and mayfly nymphs
at a coal ash—contaminated site. Environ Toxicol Chem 39, 2437-2449.
https://doi.org/10.1002/etc.4857

Proc, K., Bulak, P., Wiacek, D., Bieganowski, A., 2020. Hermetia illucens exhibits
bioaccumulative potential for 15 different elements — Implications for feed and food

42



production. Science of the Total Environment 723, 138125.
https://doi.org/10.1016/j.scitotenv.2020.138125

R Core Team (2022). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/

Rahman, M.A., Hasegawa, H., Lim, R.P., 2012. Bioaccumulation, biotransformation and
trophic transfer of arsenic in the aquatic food chain. Environ Res 116, 118-135.
https://doi.org/10.1016/j.envres.2012.03.014

Rehounkova, K., CiZek, L., Rehounek, J., Sebelikova, L., Tropek, R., Lencova, K., Bogusch,
P., Marhoul, P., Maca, J., 2016. Additional disturbances as a beneficial tool for
restoration of post-mining sites: a multi-taxa approach. Environmental Science and
Pollution Research 23, 13745-13753. https://doi.org/10.1207/s11356-016-6585-5

Rohr, J.R., Kerby, J.L., Sih, A., 2006. Community ecology as % an.ework for predicting
contaminant effects. Trends Ecol Evol 21, 606-613.
https://doi.org/10.1016/j.tree.2006.07.002

Rohr, R.P., Saavedra, S., Peralta, G., Frost, C.M., Bersier, ' .-F., Bascompte, J., Tylianakis,
J.M., 2016. Persist or produce: A community ti: de- ff tuned by species evenness. Am
Nat 188, 411-422. https://doi.org/10.1086/688" 46

Rowe, C.L., 2014. Bioaccumulation and effects " matals and trace elements from aquatic
disposal of coal combustion residues: Re.~nt advances and recommendations for further
study. Science of the Total Enviror mer.t 485-486, 490-496.
https://doi.org/10.1016/j.scitotenv.201- 03.119

Rowe, C.L., Hopkins, W.A., Congdc:,, 1.L., 2002. Ecotoxicological implications of aquatic
disposal of coal combustion resivzs in the United States: A review. Environ Monit
Assess 80, 207-276. https:/‘do1.org/10.1023/a:1021127120575

Ridel, H., Muiiz, C.D., Gare'icw, H., Kandile, N.G., Miller, B.W., Munoz, L.P., Peijnenburg,
W.J.G.M., Purchase, O . Sievah, Y., van Sprang, P., Vijver, M., Vink, J.P.M., 2015.
Consideration of tre b.yavailability of metal/metalloid species in freshwaters:
experiences rega, Vg (ne implementation of biotic ligand model-based approaches in
risk assessment fran.eworks. Environ Sci Pollut Res 22, 7405-7421.
https://doi.org/10.1007/s11356-015-4257-5

Schlekat, C.E., Purkerson, D.G., Luoma, S.N., 2004. Modeling selenium bioaccumulation
through arthropod food webs in San Francisco Bay, California, USA. Environ Toxicol
Chem 23, 3003-3010. https://doi.org/10.1897/03-4.1

Schwartz, G.E., Rivera, N., Lee, S.W., Harrington, J.M., Hower, J.C., Levine, K.E., Vengosh,
A., Hsu-Kim, H., 2016. Leaching potential and redox transformations of arsenic and
selenium in sediment microcosms with fly ash. Applied Geochemistry 67, 177-185.
https://doi.org/10.1016/j.apgeochem.2016.02.013

Sroka, P., Bojkova, J., Kolar, V., 2022. Mayfly Ephemera glaucops (Ephemeroptera,
Ephemeridae) recorded in the Czech Republic after almost a century. Biodivers Data J
10, e90950. https://doi.org/10.3897/BDJ.10.e90950

43



Stoks, R., Debecker, S., Dinh Van, K., Janssens, L., 2015. Integrating ecology and evolution
in aquatic toxicology: Insights from damselflies. Freshwater Science 34, 1032-1039.
https://doi.org/10.1086/682571

Ter Braak, C.J.F., Smilauer, P., 2012. Canoco reference manual and user’s guide: Software
for ordination, Version 5.0; Microcomputer Power: Ithaca, NY, USA.

Tollett, V.D., Benvenutti, E.L., Deer, L.A., Rice, T.M., 2009. Differential toxicity to Cd, Pb,
and Cu in dragonfly larvae (Insecta: Odonata). Arch Environ Contam Toxicol 56, 77—
84. https://doi.org/10.1007/s00244-008-9170-1

Tropek, R., Cerna, 1., Straka, J., Cizek, O., Konvicka, M., 2013. Is coal combustion the last
chance for vanishing insects of inland drift sand dunes in Europe? Biol Conserv 162,
60-64. https://doi.org/10.1016/j.biocon.2013.03.027

Tropek, R., Cerna, ., Straka, J., Kadlec, T., Pech, P., Tichanel, I, Cebek, P., 2014.
Restoration management of fly ash deposits crucially in.\*'ier.ce their conservation
potential for terrestrial arthropods. Ecol Eng 73, 45—5>2.
https://doi.org/10.1016/j.ecoleng.2014.09.011

Verschoor, A.J., Hendriks, A.J., Vink, J.P.M., de Snc . G R., Vijver, M.G., 2012. Multimetal
accumulation in crustaceans in surface water re.ate. to body size and water chemistry.
Environ Toxicol Chem 31, 2269-2280. ht*os://70i.0rg/10.1002/etc.1941

West, G.B., Brown, J.H., 2005. The origin =¥ a.!ametric scaling laws in biology from
genomes to ecosystems: Towards ¢ au7.ntitative unifying theory of biological structure
and organization. Journal of Exnerime. *al Biology. https://doi.org/10.1242/jeb.01589

Xia, W., Chen, L., Deng, X., Liang, <. G.asy, J.P., Rao, Q., Wen, Z., Wu, Y., Chen, J., Xie,
P., 2019. Spatial and interspecie s cifferences in concentrations of eight trace elements in
wild freshwater fishes at d:*fere.:t trophic levels from middle and eastern China. Science
of the Total Environmen: 672, 883-892. https://doi.org/10.1016/j.scitotenv.2019.03.134

Yu, T., Zhang, Yan, Zhang, Yua:, 2012. Distribution and bioavailability of heavy metals in
different particle-s’ze \-actions of sediments in Taihu Lake, China. Chemical Speciation
and Bioavailabin/ . %, 205-215. https://doi.org/10.3184/095422912X13488240379124

44



Highlights

Post-mining freshwater habitats polluted by trace elements can harbour rare biota.

We studied bioaccumulation of 11 elements in seven animal taxa in two habitats.
We used power laws to link tissue and environmental concentrations of elements.
Bioaccumulation differed predictably between habitats, <'en.ents, and taxa.

Benthic taxa, such as snails, provide reliable indice ors >f pollution.
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